Abstract: Limited studies have examined the association between sodium (Na) and potassium (K) levels and the risk of atherosclerosis. This study examined whether higher Na and Na/K levels and low K levels were independent risk factors for atherosclerosis. This community-based cross-sectional study included 3290 subjects (1067 men and 2223 women) 40 to 75 years of age in Guangzhou, China, between 2011 and 2013. Urinary excretion of Na and K were measured from the first morning void, and creatinine-adjusted values were used. The intima-media thickness (IMT) of the carotid common artery and the carotid bifurcation was measured with high-resolution B-mode ultrasonography. Dietary K and Na intake and other covariates were obtained by face-to-face interviews. A significant positive association was seen between urinary Na excretion and carotid atherosclerosis after adjustment for age, sex, and other lifestyle covariates. The odds ratios (OR) and 95% confidence interval (CI) of the highest (vs. lowest) quartile of urinary Na were 1.32 (1.04-1.66) for carotid plaques, 1.48 (1.18-1.87) for increased common carotid artery IMT, and 1.55 (1.23-1.96) for increased carotid bifurcation IMT (all p-trend < 0.01). A similar positive association was observed between urinary Na/K levels and carotid plaque and increased IMT, and between dietary Na intake and increased bifurcation IMT. Regarding potassium data, we only found a significantly lower presence of carotid plaque (OR 0.72, 95% CI 0.57-0.91) for quartile 2 (vs. 1) of urinary K. Our findings suggest that higher levels of urinary excretion Na and Na/K are significantly associated with greater presence of carotid atherosclerosis in Chinese adults.
Introduction
A direct relationship between high levels of dietary sodium intake and the prevalence of hypertension has been repeatedly demonstrated across populations. The results of a recent meta-analysis of 36 randomized controlled trials documented a consistent effect of sodium on blood pressure in subjects with hypertension and in normotensive subjects [1] . Because hypertension contributes to the risk of cardiovascular disease (CVD), a reduction in sodium intake could be associated with a decreased risk of CVD. Some prospective studies have shown similar results [2] [3] [4] [5] , but many others failed to identify any significant association between dietary salt intake and cardiovascular events [6, 7] . Moreover, a few studies showed a negative association between dietary sodium intake and mortality from all causes in the setting of type 2 diabetes [8] or a J-shaped association between urinary excretion of sodium and CVD events in subjects with a high risk of CVD [9] .
The measurement error in the estimation of an individual's usual sodium intake may lead to attenuation of the associations between sodium intake and CVD risk toward the null, especially in studies in which sodium intake is assessed by means of a food frequency questionnaire (FFQ) [6] . In addition, a narrow range of sodium intake [7] , greater sodium sensitivity in obese persons [4] , and heterogeneity of the CVD risk in study samples [8] may also modify the association between sodium intake and CVD. Nonetheless, most of these studies were conducted in Western countries. Because of the high intake of sodium in China [10, 11] and the potential for ethnic variations, it is important to determine whether sodium intake is associated with the risk of CVD in the Chinese population.
A high intake of fresh fruits and vegetables is always accompanied by high intake of potassium. Therefore, an increase in dietary potassium intake is expected to exert a protective effect against CVD. The favorable effects of a high potassium intake for the prevention of stroke have been shown in a meta-analysis of 11 prospective studies [12] ; lesser benefits for coronary heart disease (CHD) and total CVD were also shown [12] .
Atherosclerosis is an early stage of CHD and stroke, but little is known about the association of potassium intake with atherosclerosis. This study aimed to assess the hypothesis that a high intake of sodium, a high sodium/potassium ratio, and low intake of potassium, using urinary excretion to estimate sodium and potassium intake, were associated with a greater presence of atherosclerosis in middle-aged and older Chinese adults.
Methods

Study Participants
This community-based cross-sectional study was based on the Guangzhou Nutrition and Health Study (GNHS), a cohort study designed to assess the determinants of cardiometabolic outcomes and osteoporosis. The study included 3169 participants 40 to 75 years of age from urban Guangzhou, China, recruited between 2008 and 2010 via subject referral and community advertisement. Participants with hospital-confirmed diabetes mellitus (DM), CVD, renal failure, chronic kidney disease (CKD) or cancer were excluded. DM was defined as either fasting glucose (FG) ≥7.0 mmol/L, or use of insulin or anti-diabetic medication use [13] . Patients for whom CVD were identified by the International Classification of Diseases (ICD-10 codes I00-I78) were also excluded. Between April 2011 and May 2013, 2510 participants (79.2%) completed the first follow-up survey at a mean (SD) interval of 3.2 (0.5) years of follow-up. To complement the subjects lost during follow-up, we recruited 869 additional participants from March 2013 to October 2013 according to the baseline criteria. Cross-sectional data were used for this study from the subjects followed-up, and the new subjects collected during 2011-2013. Written informed consent was obtained from all participants at initial enrollment and at follow-up, and the study was approved by the Ethics Committee at SunYat-sen University.
Data Collection
The eligible subjects were invited to the School of Public Health of Sun Yat-sen University. Face-to-face interviews were conducted by trained medical staff using a structured questionnaire to collect data on dietary nutrient intake, socio-demographic variables, general risk factors for CVD such as smoking habits and alcohol use, education level, monthly family income, physical activity, history of disease, and menopausal status.
Dietary sodium and potassium intake from foods during the past year was assessed with an interviewer-administered 79-item FFQ and calculated on the basis of the Chinese Food Composition Table 2002 [14] . The relative validity and reproducibility of the FFQ were confirmed in a previous study [15] . The energy-adjusted correlation coefficients were 0.64 and 0.57 for fruit and vegetable intake between two FFQs and 0.56 and 0.37 when the FFQ was compared with six 3-day dietary records, respectively [15] . The participants were asked to report the usual frequency of consumption of each food item ("never", "per year", "per month", "per week", or "per day") and the mean portion size, which was estimated using color photographs. All nutrients were adjusted for total energy intake using the residual method [16] .
Body weight and height were measured while the subjects were wearing light clothing and no shoes, and the body mass index (kg/m 2 ) was calculated. The waist and hip circumferences were measured at the midline between the costal margin and the iliac crest and at the point of maximum girth around the buttocks, respectively. The blood pressure was measured on the left arm with a digital sphygmomanometer (HEM-7011, OMRON Corp., Osaka, Japan) after the participants sat still for at least 10 min. Each measurement was taken twice, and the average was calculated. Subjects who smoked at least one cigarette per day or drank alcohol once a week for at least 6 months were defined as smokers or drinkers. Daily physical activity was estimated as previously described [17] , and the metabolic equivalent intensity (excluding time spent sleeping and sitting) was calculated.
Laboratory Assay
A first morning fasting urine sample was obtained from 3290 participants to estimate their salt intake. The sodium and potassium concentrations in each urine specimen were determined by the ion selective electrode method (Hitachi Ltd., Tokyo, Japan), and the creatinine concentration was determined by enzymatic colorimetric assay (Sekisui Chemical Co., Ltd., Tokyo, Japan) with a Hitachi 7180 automatic analyzer. The coefficients of variation were assessed by repeated analysis of pooled samples. The within-run imprecisions of urinary sodium, potassium, and creatinine excretion were 1.45%, 1.63%, and 1.99%, respectively; and the between-runs imprecisions were 7.04%, 7.24% and 7.23%, respectively. The ratios of urinary sodium/creatinine (Na/Cr), potassium/creatinine (K/Cr), and sodium/potassium (Na/K) were calculated for further analysis.
Venous blood samples were drawn after a 12-h overnight fast for measurement of fasting glucose and lipid concentrations and stored at −80 • C until analysis. Serum levels of fasting glucose, total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c), and uric acid were measured with commercial kits (Roche Diagnostics, Indianapolis, IN, USA) with an Olympus AU400 automatic analyzer (Olympus Corporation, Tokyo, Japan). The coefficients of variation for the measurements were 4.94% for glucose, 4.55% for total cholesterol, 5.74% for triglycerides, 5.56% for HDLc, 3.36% for LDLc, and 4.67% for serum uric acid.
Measurement of the Carotid Intima-Media Thickness
A total of 2919 subjects underwent measurement of their carotid intima-media thickness (IMT). The carotid IMT was measured bilaterally at the far walls of the common carotid artery (CCA; the 1-cm segment proximal to the bifurcation) and at the carotid bifurcation (the 1-cm segment proximal to the flow divider), using a high-resolution, 6.0-to 11.0-MHz linear-array transducer (SSI-5500, Sonoscape Corp., Shenzhen, China) with the subject in the supine position after resting for 10 min. All B-mode images were recorded during the diastolic phase and read automatically by two professionals. Plaques (defined as focal thickening 50% greater than the surrounding wall thickness) [18] were avoided in the measurement of the IMT. The average measurement of the two sides was used in the analyses. Intrapatient reproducibility was assessed by replicating measurements for 21 randomly selected subjects using a different image from the same day; the site-specific reliability coefficients were 0.94 for the CCA IMT, and 0.92 for the carotid bifurcation IMT, respectively.
Statistical Analysis
All statistics were analyzed with SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA), and two-sided p values of less than 0.05 were considered to be statistically significant. The data were presented as means (and SD) for continuous variables or proportions (%) for categorical variables. The participants were categorized into quartiles by urinary values of Na/Cr, K/Cr, or Na/K and by their energy-adjusted dietary sodium and potassium intake.
The patients' characteristics were compared with a chi-square test or analysis of variance among the quartiles of Na/Cr and K/Cr. Multivariate logistic regression models were applied to estimate the odds ratios (95% confidence interval) for the prevalence of carotid IMT thickening at the CCA and at the carotid bifurcation (defined as an IMT of 1 mm or greater on any side) [19] and carotid artery plaque (defined as a focal thickening of 50% greater than the surrounding wall thickness on any side) [18] by comparing the quartiles of urinary Na/Cr, K/Cr, and Na/K and dietary sodium and potassium intake. We constructed the following models sequentially: (1) adjusted for demographics: age and sex (Model 1); (2) further adjusted for lifestyle risk factors: education level (≤6, 7 to 12, and >12 years), monthly income (<1500, 1500 to 3000, and >3000 yuan), smoking (yes/no), alcohol consumption (yes/no), physical activity (metabolic equivalent, excluding sleeping and sitting; hours per week), and dietary factors including total energy (kcal/day), fiber, and saturated fat (g/day) (Model 2); and (3) further adjusted for cardiovascular risk factors: waist circumference, hypertension status (yes/no), antihypertensive medication (yes/no), fasting serum lipids including total cholesterol, triglycerides, HDL-c, and LDL-c, fasting serum glucose and serum uric acid (Model 3). The p-values for linear trends across increasing quartiles were determined by assuming the median values of quartiles as continuous variables. All independent variables were entered into the models.
We assessed potential effect modification by sex (male/female), body mass index (<25 or ≥25 kg/m 2 ), and hypertension status (yes/no) by including interaction terms between urinary sodium excretion and these variables in the fully adjusted model. For multivariate analysis in women, we further adjusted for menopausal status (yes/no) and passive smoking and excluded adjustment for smoking because only 10 subjects were smokers.
Results
The 3290 participants in the analyses included 1067 men and 2223 women. The mean (±SD) age of the men was 62.1 ± 6.7 years, and that of the women was 59.4 ± 5.5 years. The participants' demographic and clinical characteristics, grouped by quartiles of urinary Na/Cr, are presented in Table 1 . The participants in the higher quartiles of urinary Na/Cr were significantly older, more likely to be female, and less educated. Moreover, there was a significant increasing trend in the mean values of potassium excretion, waist circumference, body mass index, and systolic blood pressure and in the prevalence of obesity and of carotid atherosclerosis as defined as wall thickening by increasing the Na/Cr ratio. However, the level of serum uric acid was decreased across the quartiles of Na/Cr ratio (Table 1) . A higher K/Cr ratio was associated with lower diastolic blood pressure values and a lower prevalence of carotid plaque (Table S1 ).
In the logistic regression of Model 2, a positive association was observed between urinary Na/Cr and the incidence of carotid atherosclerosis. Compared with the extreme quartiles of urinary Na/Cr, the odds ratios (OR) and 95% confidence interval (CI) was 1.32(1.04-1.66) (p-trend = 0.009) for carotid plaque, 1.48(1.18-1.87; p-trend = 0.001) for an increase in the CCA-IMT, and 1.55 (1.23-1.96) (p-trend = 0.001) for an increase in the carotid bifurcation IMT, respectively. For dietary Na intake, we just found a significant association with increased BIF IMT, the OR (95% CI) was 1.31 (1.04-1.64) (p-trend = 0.022) when comparing the extreme quartiles, but not with carotid plaque or CCA IMT. A similar positive association was also observed between the urinary Na/K and the occurrence of carotid plaques. Additional adjustment for cardiometabolic factors did not alter the substantial associations between the Na/Cr ratio and an increase in the IMT at either the CCA or the carotid bifurcation. Regarding potassium of urinary excretion and dietary intake, we found a "J-shaped" association between potassium levels estimated from urine excretion with the presence of carotid plaque (OR 0.72, 95% CI 0.57-0.91 for quartile 2 (vs. 1)). However, no significant association was observed between urinary potassium and the presence of increased IMT, and for the dietary potassium (all p-values > 0.05) ( Tables 2 and 3) . To figure out whether the use of diuretics influenced the associations between urinary Na or K and carotid IMT, we conducted analyses by excluding those used antihypertension in Supplementary Materials Tables S2 and S3. The results showed that urinary Na excretion was still significantly associated with increased CCA IMT (p-trend = 0.027) and BIF IMT (p-trend = 0.006) in Model 2, whereas not significantly associated with the prevalence of carotid plaque (p-trend = 0.287). We did not find any statistical associations of urinary K excretion and carotid IMT as before (See Supplementary Materials Table S3 ).
In a stratified analysis, the association of urinary Na/Cr with the CCA-IMT was more significant in the normal-weight subjects than in overweight or obese subjects (p-interaction = 0.006). No significant differences were found in the associations between Na/Cr and IMT between the subgroups by gender and hypertension status (all p-interaction > 0.05) ( Table 4) . 
Discussion
In this community-based cross-sectional study of the middle-aged and older Chinese population, we found a significant positive association between urinary excretion of sodium and the presence of carotid atherosclerosis independent of demographic and socioeconomic factors, smoking and alcohol drinking, and cardio metabolic factors. However, no significant associations were observed between urinary excretion of potassium or dietary potassium intake and carotid atherosclerosis.
Our study found that increased excretion of urinary sodium was associated with a greater incidence of carotid wall thickening. Similar results were observed in several observational studies. A cross-sectional study found that 24-h urinary sodium excretion or urinary Na/Cr ratios were positively associated with carotid IMT in normotensive overweight and obese adults [20] . A recent meta-analysis of cohort studies indicated a 24% greater risk of stroke (95% CI, 8% to 43%) and a 32% greater risk of fatal CHD (95% CI, 13% to 53%) for those with higher sodium intake [1] . A previous meta-analysis had yielded similar results [21] . The benefits of lower sodium intake for atherosclerosis and consequent CVD events were shown to be strengthened in populations or individuals with a high sodium intake, such as those in China [10, 11] . Moreover, a meta-analysis of randomized clinical trials showed that a reduction in sodium of 2.0 to 2.3 g/day lowered the risk of CVD (relative risk, 0.80; 95% CI, 0.64 to 0.99) in 3225 participants who were followed-up for seven months to 11.5 years [22] . Overall, our findings and those of previous studies consistently highlight the importance of sodium reduction in the prevention of atherosclerosis and CVD.
In addition, some studies have indicated that reduced sodium intake was especially efficacious for decreasing the risk of CVD in overweight individuals in the United States [4] or Finland [3] . However, in this study, we found that the association between Na/Cr and CCA-IMT tended to be more significant in subjects with a normal weight (body mass index less than 25 kg/m 2 ). It is unclear whether different ethnic populations vary in their susceptibility to higher sodium intake. Further studies are needed to clarify this issue.
A high intake of dietary sodium has been shown to have a direct relationship with essential hypertension [1] . A high sodium intake may increase the risk of atherosclerosis partly through hypertension. We found, however, that the association between high levels of urinary excretion of sodium and atherosclerosis was independent of blood pressure and was not modified by hypertension status. Heavy consumption of sodium may have other detrimental effects that contribute to atherosclerosis. Emerging evidence suggests that increased intake of dietary salt in healthy subjects induced rapid expansion of CD 14 ++CD 16 + monocytes (a major player in inflammation) and platelet activation, in addition to monocyte pro-inflammatory activation [23] . The adverse effects of a high sodium intake on the inflammation marker tumor necrosis factor-α were also observed in Sprague Dawley rats with chronic renal failure [24] . An in vitro study demonstrated a direct effect of plasma sodium concentration on endothelial stiffness and a reduction in nitric oxide release from the vascular endothelium [25] . In addition, oxidative stress was increased as a consequence of an increase in dietary salt intake in normal rats [26] .
Regarding potassium data, significantly lower presence of carotid plaque was found with the moderate urinary K excretion. Previous studies showed inconsistent results for CVDs. A meta-analysis of 11 prospective studies [12] demonstrated that an increase in potassium intake of 1.64 g/day (42.1 mmol/day) was associated with a 21% decline in the risk of stroke (95% CI, 10% to 32%) and a trend toward risk reduction in CHD (0.92; 95% CI, 0.81 to 1.04) and CVD (0.85; 95% CI, 0.62 to 1.16). However, seven of the 11 studies included did not show a significant association with the risk of stroke, and some did so only for certain population subsets, such as women [5] or subjects with hypertension [27] . In a meta-analysis of 31 randomized controlled trials, supplementation with potassium decreased systolic blood pressure (−3.11 mm Hg; −1.91 to −4.31 mm Hg) and diastolic blood pressure (−1.97 mm Hg; −0.52 to −3.42 mm Hg) by a small but significant amount [28] . It is suggested that the protective effects of potassium intake against the risk of stroke may be attributed mostly to its blood pressure-lowering effect. High blood pressure is responsible for 62% of strokes and 49% of CHD [29] . Because blood pressure was more closely related to stroke than other CVD events, the moderate favorable effects of high potassium intake on blood pressure may translate to a reduction in the risk of stroke, but not in the risk of other CVD events or atherosclerosis. More studies are needed to finally address the potential effects of potassium.
To our best knowledge, this work was the first one to assess the associations between urinary sodium and potassium excretion and increased carotid IMT, a marker for an early stage of stroke and other CVD, in the Chinese with a relatively large sample. However, our study also has several limitations. First, due to the nature of a cross-sectional study, we were unable to determine any causal relationship between urine excretion of sodium and carotid IMT. Studies have suggested that exposure to sodium is relatively constant over time at a population level estimated either by 24-h urine sodium excretion [30] or by 24-h dietary recall [31] . Second, 24-h urinary sodium excretion is the best way to measure an individual's sodium intake. Previous studies have suggested that the estimation of urinary sodium excretion from overnight urine could be an acceptable alternative to that from 24-h urine with a good correlation coefficient (r = 0.73; p < 0.001) [32] . Nonetheless, overnight collections have been shown to underestimate 24-h values [33] . Therefore, in the present study, the positive associations between urinary sodium excretion and carotid atherosclerosis might be underestimated. Third, we also used a 79-item food frequency questionnaire (FFQ) to assess the daily intakes of sodium and potassium, and null or moderate associations were found with carotid atherosclerosis, which may be partly due to the large random errors of dietary assessments by the FFQ method. Finally, although we adjusted for major sociodemographic characteristics, lifestyle and cardio metabolic factors, residual confounders, such as unknown or unmeasured factors (e.g., estimated glomerular filtration rate) cannot be completely ruled out, which might mask or attenuate the true associations.
Conclusions
In summary, our study showed that high consumption of sodium as estimated by excretion from fasting morning urine was associated with an increased presence of carotid atherosclerosis in Chinese adults. However, inconsistent results are generated for potassium intake, as estimated by urinary excretion or by food frequency questionnaire, and more solid studies are needed to clarify it effects on the risk of atherosclerosis in this population.
